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To manipulate cold atoms in spatially constrained quantum engineering platforms, we developed
a lensless optical system with a ∼1 µm resolution and a transverse size of only 225 µm. We use a
multimode optical fiber with a high numerical aperture, which directly guides light inside the ultra-
high-vacuum system. Spatial light modulators allow us to generate control beams at the in-vacuum
fiber end by digital optical phase conjugation. As a demonstration, we use this system to optically
transport cold atoms towards the in-vacuum fiber end, to load them in optical microtraps and to
re-cool them in optical molasses. This work opens new perspectives for setups combining cold atoms
with other optical, electronic or opto-mechanical systems with limited optical access.
I. INTRODUCTION
Cold atoms play a crucial role in the rapidly grow-
ing field of quantum engineering. Ever more demanding
experiments on quantum logic, quantum measurements
or quantum simulations require to image and optically
control atoms with a high resolution. As standard mi-
croscope objectives are not compatible with ultra-high-
vacuum environments required for atomic laser cooling,
current experiments use diffraction-limited aspheres [1]
or specially designed objectives [2, 3] placed in the direct
vicinity of the atoms. However, many “hybrid” platforms
also require to interface cold atoms with other devices
such as optical cavities [4], superconducting circuits [5]
or mechanical resonators [6]. These devices restrict the
optical access and make the use of bulk high-resolution
optics impractical if not impossible, severely limiting the
control over the atomic part of the system.
Optical fibers, seen as ultra-compact flexible light
guides, appear as a viable solution to this problem. Sin-
glemode fibers, with [7] or without [8] additional op-
tics, have been used in this context, but their operation
remains restricted to pre-determined optical configura-
tions. In contrast, high numerical aperture multimode
fibers are lensless systems allowing one to create arbi-
trary reconfigurable light patterns with a ∼1 µm optical
resolution [9], provided that one can reshape the strongly
distorted transmitted optical wavefronts with adaptive
optics [10].
In this letter, inspired by methods developed for
biomedical imaging [11–13], we use beams propagat-
ing through a multimode optical fiber to manipulate a
cold atomic ensemble. The control beams are generated
by digital optical phase conjugation (DOPC) with spa-
tial light modulators (SLM). By using far-detuned laser
beams, we transport atoms in an optical lattice and we
transfer them to optical microtraps at 200µm from the
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fiber end face. With near-resonant light fields, we gener-
ate optical molasses to Doppler cool the atoms in front
of the fiber. Our approach proves to be compatible with
the typical constrains of cold-atom setups and thus con-
stitutes a new compact and versatile tool for such exper-
iments.
II. EXPERIMENTAL SETUP
The core of our optical system is a commercial
25 cm long multimode optical fiber (MMF, Thorlabs
FP200ERT) with a numerical aperture NA=0.5, a core
diameter of 200 µm and a cladding diameter of 225 µm.
The “distal” end of this fiber, stripped of its Tefzel coat-
ing, is permanently installed in an ultra-high-vacuum
(UHV) chamber, while the“proximal”end is brought out-
side through a home-made vacuum feedthrough [14]. The
UHV chamber is a commercial glass cuvette epoxied to a
Titanium flange and reaches a base pressure of 2×10−10
mbar, sufficient for many cold-atom-based platforms; for
experiments using quantum degenerate gases it could be
easily decreased by using an epoxy-free chamber and a
bare or a metal-coated fiber. A pair of low-inductance
magnetic coils and two frequency-stabilized 780 nm ex-
ternal cavity diode lasers are used to create a conven-
tional six-beam magneto-optical trap (MOT) for Rubid-
ium 87 at 3 mm from the distal end of the fiber. The
MOT is loaded from a background vapor created with
two Rb dispensers placed inside the DN40 vacuum tube
leading to the cuvette. After polarization-gradient cool-
ing, the cloud contains 2.2(5) × 106 atoms at 40(5) µK
with a peak density of 1.5× 1011 cm−3.
All subsequent manipulations of the atoms rely on the
use of adaptive optics at the proximal end of the MMF.
In the experiments presented here, beams exiting the
UHV system through the MMF are collimated, separated
on a dichroic mirror, and sent to two identical digital
optical phase conjugation (DOPC) setups operating re-
spectively at 800 nm for atomic transport and trapping
(shown in Fig.1) and at 780 nm for atomic cooling. The
first “recording” stage of DOPC consists in injecting into
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2FIG. 1. Transport of cold atoms in a moving 1D optical lattice
formed using phase-conjugated beams transmitted through a
multimode fiber. The forward-propagating lattice beam is
transmitted through the MMF, the resulting speckle field is
measured, and a phase-conjugated backward-propagating lat-
tice beam is formed using a spatial light modulator. The afo-
cal telescope (two lenses with focals f1 and f2) simplifies the
alignment and allows us to automatically include the SLM’s
aberrations in the phase-conjugation protocol (see text).
the distal end of the MMF a forward-propagating beam
with the desired properties. The speckle emerging from
the proximal end interferes with a reference beam whose
phase is scanned in 2pi/3 steps, allowing us to extract
the speckle field from the interference patterns measured
on a CMOS camera. In the second “playback” stage,
we switch off the reference and switch on a backward-
propagating beam, which we phase-conjugate with the
forward-propagating one using a reflective phase-only
liquid-crystal spatial light modulator (SLM, Hamamatsu
X10468). This time-reversed beam is injected in the
MMF and emerges from the distal end in the same trans-
verse mode as the forward-propagating one, allowing us
to perform a set of operations on the atoms described in
the next sections.
Two known practical difficulties of DOPC are the
pixel-to-pixel alignment of the camera with the SLM and
the compensation of the SLM’s aberrations, which cor-
respond to an undesired phase mask added to the pro-
grammed one. We found a simple and efficient solution
to both problems at once, shown in Fig.1. The SLM and
the camera are installed in series and conjugated using
an afocal telescope, which allows us to directly visualize
the pixels of the SLM on the camera and to easily align
the two devices. Moreover, as the forward-propagating
beam experiences the SLM’s aberrations as well, they are
compensated by the phase-conjugation process together
with the much stronger beam distortion introduced by
the MMF. Finally, the use of a polarizing beamsplitter
(PBS) and of a half-wave plate (λ/2) rotated by 45◦ be-
tween the recording and the playback stages allows us to
optimally use the power in the polarization controlled
by the SLM. In practice, after imprinting the phase-
conjugation mask on the SLM, we compensate residual
alignment and focusing errors by adding a combination
of the 3 lowest Zernike polynomials to the SLM’s phase
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FIG. 2. (a): Measured intensity of the backward-propagating
lattice beam emerging from the 200 µm multimode fiber core
(red circle). (b): Simulation of the measurement in (a) using
the model described in the text. (c),(d): Absorption images
of the atoms loaded in the 1D lattice, before (c) and after (d)
transport. The white rectangle is the multimode fiber. (e):
Transport efficiency as a function of acceleration for 1 mm
transport.
mask. We optimize the Zernike coefficients to maximize
the overlap of the forward- and backward-propagating
beams at the distal end of the MMF, by measuring the
backward coupled power in the singlemode fiber emitting
the forward-propagating beam.
III. ATOMIC TRANSPORT
Once the atoms are loaded in the MOT, we bring them
closer to the distal end of the MMF in order to fully ex-
ploit its high numerical aperture. For this we use DOPC
to create a moving 1D red-detuned far-off-resonant op-
tical lattice. A forward-propagating 100 mW beam at
800 nm produced by a Ti:Sapphire laser is sent through
the MOT and injected in the distal end of the fiber, the
15 µm waist being located midway between the MOT
and the MMF. The time-reversed beam emerges from
the MMF and interferes with the forward-propagating
beam to form an attractive standing-wave optical po-
tential for the atoms. The ∼ 20% overall efficiency of
the conjugation process is mainly limited by: (i) the fact
that we measure and phase conjugate only one polar-
ization mode at the proximal side of the fiber (60%),
(ii) the SLM diffraction efficiency (65%) determined by
the SLM’s ability to resolve ∼80 µm speckle grains with
20 µm pixels, (iii) the efficiency of conjugation by phase-
only modulation with the SLM (pi/4 ' 79% [15]) and
(iv) the losses on optical elements, in particular with
the reflections from the MMFs end faces (85%). There-
fore, while ∼ 20% of the 100-mW backward-propagating
power is properly phase-conjugated creating a lattice of
1.5 mK depth, ∼ 30% of it is appears as a speckle field
which interferes with the lattice and creates noise. As-
suming an exponential distribution of the speckle inten-
sities and a uniform distribution of speckle phases, we
3model consistently the experimentally measured inten-
sity of the backward-propagating light exiting the MMF
(Fig. 2). This allows us to estimate the rms noise added
to the lattice depth as ∼ 25% of its ideal maximal value
on the fiber face. However, this noise decreases with
the distance to the fiber because the speckle strongly di-
verges whereas the conjugated mode remains collimated.
Thus, this noise is expected to reduce the transport ef-
ficiency and increase the atomic-cloud temperature (due
to a fluctuating trapping potential seen by the moving
atoms) only over the last section of the transport when
the atoms reach the high-resolution region of the MMF.
The atoms are transferred from the MOT into the 1D
lattice by smoothly switching it on a the end of the MOT
loading phase. The magnetic field gradient is then in-
creased from 30 to 60 G/cm in 10 ms to compress the
MOT, then switched off for 6 ms of polarisation-gradient
cooling. At the end of this process, ∼ 1 × 105 atoms at
40(5) µK are loaded in the lattice. The atoms are then
accelerated by linearly increasing the detuning between
the forward- and backward-propagating beams, then de-
celerated in a similar way and come to a stop. As shown
on Fig. 2(e), the transport efficiency is nearly constant
for accelerations up to 104 m s−2, which is consistent with
the estimated spilling limit of 3× 105 m s−2 lowered by
the transport-induced heating and the initial atomic tem-
perature [16]. Additional losses appear next to the fiber
due to atomic collisions with its surface. In practice, we
form a cloud of ∼ 6 × 104 atoms at 50 µK centered at
∼200 µm from the fiber’s tip (see Fig. 2 (c) and (d)),
where the optical resolution is maximal and limited by
the numerical aperture of the fiber. Therefore, the phase-
conjugated lattice potential allows a fast and efficient
transport to this region.
IV. OPTICAL MICROTRAPS
At this stage the atoms can be loaded into optical
microtraps created using the MMF. In the “recording”
stage of DOPC, these traps are formed using an auxiliary
high-resolution optical system facing the distal end of the
MMF, based on a digital micromirror device (DMD) il-
luminated with a Gaussian beam transmitted through a
single-mode fiber. The DMD generates a programmable
amplitude hologram, the first order of which is focused
near the distal end of the MMF [17]. By measuring this
system’s aberrations and applying a correction mask to
the DMD [18] in addition to the desired hologram, this
system becomes nearly diffraction-limited and allows us
to focus light to 1.2 µm waists near the distal end of the
MMF. Arbitrary microtrap patterns can be generated,
with no observable interferences between traps placed as
close as 1.5 µm.
Once the phase-conjugated counterparts of these
beams are produced, the DMD-based source is switched
off and the microtraps are generated via the multimode
fiber only. Their optical properties can be character-
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FIG. 3. (a-c): Atoms loaded in (a) a small trap with a waist
of 5 µm, (b) a microtrap with a waist of 1 µm, and (c) two
such microtraps distant by 5 µm, imaged through the MMF
[18] with a 100 µs exposure and a ×100 averaging. As the
transported cloud is rather dense, each microtrap is loaded
with an atom number on the order of 10. (d): Trapping light
of (c) imaged using the DMD as a scanning-point detector
(see text).
ized by using the DMD-based source “in reverse” as a
high-resolution scanning point detector, by focusing it
to the desired spot and measuring how much backward-
propagating light couples into its single-mode fiber (see
Fig. 3(d)). We cross-checked these measurements by
characterizing a single MMF-generated microtrap with
an independent NA=0.55 objective. Both approaches
lead to measured waists of 1.6 µm, consistent with the
convolution of 1.2 µm spots with the point spread func-
tions of the characterization devices. Because the speckle
produced by the microtraps at the proximal end of the
MMF is approximately 2 times finer than for the 1D lat-
tice, the diffraction efficiency of the SLM decreases lead-
ing to an overall DOPC efficiency of ∼ 2.5%. Never-
theless, this efficiency corresponds to a contrast of more
than 600 between a 1.2 µm trap formed at 100 µm from
the fiber’s end, and the background speckle spread over a
disk with a 300 µm diameter. For 100 mW of backward-
propagating power this gives a depth of −U/kB ' 3.4
mK for a single microtrap.
Both the lattice and the microtrap(s) use 800 nm light,
so we use a single DOPC setup to generate them both.
We display them simultaneously because the dynamic re-
sponse of the SLM to switch one hologram to the other
is too slow relative to the timescale of the trapped-atom
motion. The combination of the two holograms reduces
by a factor of 0.4 the amount of backward-propagating
light coupled to the lattice and to the microtrap, reducing
their depths to −U/kB ' 1 mK and 1.4 mK, respectively.
As the superposition of the two holograms is coherent,
we optimize their relative phase factor to maximize the
microtrap’s depth. Once the atoms are brought next to
the fiber, the forward-propagating lattice beam is linearly
switched off in 20 ms. The backward-propagating lattice
beam is then too weak to provide a sufficient longitudinal
confinement, and atoms which were not loaded in the mi-
crotrap(s) leave the area in 1 ms. Figure 3 shows atoms
loaded in traps of various geometries, absorption-imaged
through the multimode fiber [18].
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FIG. 4. (a): Doppler cooling of atoms after transport, using
the multimode fiber to create two out of the six cooling beams.
(b),(c): Absorption images of the atomic cloud after 120 µs
of expansion, without (b) and with (c) cooling beams. (d):
Expansion of the atomic cloud released from a small trap,
without (dashed lines) and with (full lines) cooling beams.
V. COOLING
We can use the phase-conjugation setup at 780 nm
to perform Doppler re-cooling using 3 pairs of counter-
propagating beams (Fig.4). Two of these beams, focused
to 100 µm waists, are injected in the distal end of the
MMF with ±20◦ angles to the horizontal plane. Two
counter-propagating beams emerging from the MMF are
then created using DOPC at 780 nm. The two remain-
ing beams, with 500 µm waists, are parallel to the MMFs
end face. All six cooling beams are detuned 12 MHz be-
low the transition between the states 5S1/2, F = 2 and
5P3/2, F = 3 and set to 1.5 times its saturation intensity.
A weak beam repumps the atoms from the dark state
5S1/2, F = 1.
To characterize the effect of the cooling beams, we
switch off the trapping beams and measure the cloud’s
expansion with and without cooling. As shown on Fig.
4, in presence of cooling the expansion is significantly
slower, allowing the cloud to maintain a higher den-
sity for a longer time. In turn, once the atoms are
loaded in a microtrap, the near-resonant cooling beams
lead to light-induced collisions that generate atomic-
density-dependent losses. The MMF-generated micro-
traps are, in principle, confining enough to demonstrate
sub-Poissonian atom statistics and, by decreasing the
density of the transported cloud, reach the single-atom
regime[19]. This regime could not be observed due to the
low efficiency of our detection setup.
VI. DISCUSSION
Besides being much more compact, a multimode fiber
used as a system for atomic manipulation has a few inter-
esting features compared to bulk optics. In a traditional
setup, creating beams with very different geometries such
as those used for the 1D lattice, the cooling and the mi-
crotraps typically requires individual sets of optics. Here,
thanks to the flexibility offered by adaptive optics and
to the ability of the MMF to collect and guide light at
the same time, all these functions are implemented using
a single optical fiber, displacing the setup’s complexity
away from the UHV apparatus where space is the most
scarce. The absence of a fixed working distance between
the tip of the MMF and the atoms is an additional benefit
of this approach.
On the other hand, the use of fibered optics constrains
the wavelength of the trapping laser. For a given trap
depth, one should increase the detuning from atomic res-
onances to reduce their off-resonant excitation. However,
the corresponding increase in the optical power eventu-
ally heats the fiber and leads to thermal drifts that re-
duce the stability and efficiency of the DOPC after the
characterization measurement.
Compared to bulk optics, a multimode fiber offers a
lower control over the polarisation and the spatial modes
of the transmitted beams. At the current stage of our
experiments, these problems have known solutions and
can be considered as technical. The first issue can be
solved by using two SLMs instead of one, controlling or-
thogonal polarisations. The second is, to a large extent,
related to the limited resolution (792×600 pixels) of our
SLMs. Since 4160×2464 resolutions are now available,
the efficiency of DOPC can be significantly improved.
The key constrain of this approach, common to all sys-
tems based on adaptive optics, is the need for a “guide
star” forming a well-defined optical pattern at the distal
end of the fiber. In our case this guide star was created
with bulk high-resolution optics facing the distal end of
the fiber, which requires to keep a good optical access on
one side of the atomic cloud. In some quantum platforms
such as atomic chips this access exists and our approach
can be used as-is. In others, where dense (ρ & 1014 cm−3)
clouds are manipulated and only a low-NA optical access
is available, optical super-resolution techniques, based on
the strong non-linearities of the atoms, can be used. In
systems where atoms are coupled to nanomechanical de-
vices, a mechanical target can be envisioned.
VII. CONCLUSION
We have shown that techniques developed for manip-
ulating light in random optical media, originally with
biomedical applications in mind [13], can be transposed
to control cold atoms in spatially constrained quantum
engineering platforms. Replacing bulk optics with a mul-
timode high-NA optical fiber leads to a dramatic decrease
in physical size and offers distinct features such as the
possibility to form a variety of beam shapes which would
otherwise require distinct sets of optics. Even though
this approach offers a lower control over the spatial and
polarisation modes of the light, it is sufficient to trans-
port atoms in a moving 1D optical lattice, Doppler-cool
them and load them in optical microtraps. With a rea-
sonable experimental investment this degree of control
can be significantly improved. More efforts are required
5to develop “guide stars” for the calibration of the fiber.
It seems reasonable to assume that the solution to this
problem will depend on the exact experimental setting.
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